IMPORTANCE
The study of thermophilic viruses with inner membranes provides valuable insights into the mechanisms used for stabilization and assembly of protein-lipid systems at high temperatures. Our results reveal a novel way by which an internal membrane and outer capsid shell are linked in a virus that uses two different major protein species for capsid assembly. We show that a positive protein charge is important in order to form electrostatic interactions with the lipid surface, thereby facilitating the incorporation of other capsid proteins on the membrane surface. This implies an alternative function for basic proteins present in the virions of other lipid-containing thermophilic viruses, whose proposed role in genome packaging is based on their capability to bind DNA. The unique minor capsid protein of bacteriophage P23-77 resembles in its characteristics the scaffolding proteins of tailed phages, though it constitutes a substantial part of the mature virion. V iruses from extremely hot environments need to develop special strategies to cope with high temperature. Hence, they provide a valuable source for the detection of novel enzymes for biotechnology and industrial processes. Their relative simple structure makes them an ideal model system for studying life at high temperatures. With respect to extreme thermophilic bacteria, the virus studied best on the structural level is P23-77, a strictly lytic phage infecting Thermus thermophilus ATCC 33923 (1, 2, 3) . P23-77 is a representative of the novel Sphaerolipoviridae, comprising viruses infecting members of two domains of life, namely, extreme halophilic archaea of the family Halobacteriaceae and thermophilic bacteria of the family Thermaceae (4) . All the family members have similar virion morphologies. The virus particles are spherical, tailless, and 50 to 80 nm in diameter. An inner lipid membrane is located between the capsid and the double-stranded DNA (dsDNA) genome, which is circular in the case of P23-77. The capsid is mainly built from two major capsid proteins (MCPs).
The recently solved structures of the P23-77 MCPs (5) revealed a structural relationship to other tailless icosahedral dsDNA viruses with internal membranes, such as the enterobacterial phage PRD1 (6) , the marine bacteriophage PM2 (7) , and the archaeal virus Sulfolobus turreted icosahedral virus (STIV) (8) . Of these viruses, the assembly of bacteriophage PRD1 has been the most extensively examined (9) . The morphogenesis starts with a lipid vesicle containing viral membrane proteins pinching off from the host cytoplasmic membrane as capsid-associated proteins assemble along it, resulting in the formation of an empty procapsid. The correct assembly is assisted by nonstructural viral assembly factors and the host GroEL-GroES chaperonin complex (10, 11, 12) . The linear dsDNA genome is packaged through a special vertex by a viral packaging ATPase (13) . DNA packaging into empty procapsids is the main mechanism for packaging linear genomes or unit length genome increments from concatemeric DNA (14, 15) . Viruses with circular genomes, such as marine bacteriophages PM2 and P23-77, might follow a different packaging strategy without the involvement of an intermediate procapsid state (7, 16) .
The internal membrane fulfills two functions in tailless icosahedral dsDNA viruses. First, it is involved in host infection. This is most evident in PRD1, where the membrane forms a tube through which the genome is injected into the host cell (17) . Second, the internal membrane acts in concert with membrane proteins as a structural scaffold on which the capsid proteins assemble (12) . Integral membrane proteins function as tape measures for the size of the membrane vesicle (7, 18, 19) . The lipids are acquired selectively from the cytoplasmic membrane of the host during particle assembly in order to produce an appropriate membrane curvature (3, 20, 21, 22) . The different lipid compositions of the outer and inner leaflets of the membrane enforce the association of the outermost DNA layer with the inner leaflet. The negative charge of the outer leaflet in turn promotes capsid assembly by electrostatic attraction to the positively charged bottoms of the capsomers (23, 24) . Capsomers are formed either by a single MCP or by two MCPs, as in the cases of P23-77 and other sphaerolipoviruses.
Recently, a capsid model was developed for P23-77, in which capsomers are formed by various building blocks of the two major capsid proteins (5) . The capsid model provides insights into the complex arrangement of the two MCPs in the capsid, suggesting a novel assembly mode not observed in other icosahedral viruses. The mechanism controlling the correct incorporation of the two different protein species, however, remained to be elucidated. Furthermore, knowledge of the proteins residing at the VP17-surrounded pentagonal vertices was elusive. The 5-fold axes of some icosahedral viruses are occupied by penton proteins that exhibit a highly conserved single beta-barrel core fold (7, 18, 25, 26) . Among the 10 structural proteins identified in P23-77 virus particles, only three have been found to be associated with the capsid (3): the two MCPs, VP16 and VP17, and the 22-kDa minor capsid protein VP11. The minor capsid protein has no homologs in related viruses, prompting us to characterize it in detail. Experimental results indicate that the protein is a predominantly ␣-helical protein dimer. Thus, it does not exhibit the 5-fold symmetry typically associated with a penton protein. Moreover, it interacts with lipids and-in the presence of lipids-also with VP17, but not VP16. Based on these findings, we propose a role of VP11 as an assembly factor. A strong electrostatic association of the protein with the membrane triggers the binding of VP17, followed by VP16, to form the capsid. Thus, VP11 exhibits a scaffolding-protein-like function. However, it is retained in the virion.
MATERIALS AND METHODS
Plasmid construction. The full-length 564-bp open reading frame 11 (ORF11) gene sequence was amplified by PCR with genomic P23-77 virus DNA as the template using primers creating an NdeI restriction site (underlined) at the 5= terminus (5=AATAATTACATATGGTGATCCGCAG ACAGCAGATCTG3=) and an XhoI site (underlined) at the 3=terminus (5=AACTGCAGCTCGAGTCATCGCCTCCTTTTGGGCTGGTA3=) of the gene. The purified PCR product was digested with NdeI and XhoI (Fermentas) and inserted into expression vector pET22bϩ (Novagen), creating the VP11 expression plasmid pAP124. The integrity of the gene sequence was verified by DNA sequencing with an ABI Prism genetic analyzer 3100 (Life Technologies).
Protein expression and purification. Recombinant VP11 was synthesized in Escherichia coli strain BL21(DE3) (Novagen) in LB medium supplemented with 150 g/ml ampicillin. Cells were grown at 37°C to an optical density at 550 nm (OD 550 ) of 0.7, and gene expression was induced by addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). The cells were further incubated at 28°C for 20 h, after which they were washed in lysis buffer (50 mM Bicine, pH 8.5). The cell pellets were suspended in 1/50 of the original volume in ice-cold lysis buffer containing 1 mM Pefabloc SC protease inhibitor (Roche), disrupted with an EmulsiFlex-C3 (Avestin) homogenizer, and centrifuged (112,000 ϫ g; 2 h; 5°C). The supernatant was briefly sonicated on ice to decrease the viscosity of the solution before filtering through 0.45-m polyethersulfone filters (Sartorius Minisart) for subsequent chromatographic purification. All chromatography steps were performed at room temperature (RT) with an ÄKTAprime plus liquid chromatography system (GE Healthcare Bio-Science AB). The filtered crude extract was loaded onto a HiPrepSP HP 16/10 cation-exchange column (GE Healthcare Bio-Science AB) equilibrated in lysis buffer at a 1-ml/min flow rate (lysis buffer). After a washing step with 30% elution buffer (50 mM Bicine, pH 8.5, 2 M NaCl), VP11 was eluted from the column with a 400-ml linear gradient of 30% to 80% elution buffer at a 3-ml/min flow rate. Fractions were analyzed under denaturing conditions by 15% SDS-PAGE (27) . A pool of fractions containing nearly pure VP11 was washed and concentrated to a final volume of 7 ml at 4°C with 50 mM Tris, pH 7.5, 1 M NaCl using a 10-kDa molecular weight cutoff (10 K) Amicon Ultra-15 filter device (Millipore). The filtrate was passed through a HiLoad 26/60 Superdex 200 prep-grade size exclusion chromatography (SEC) column (GE Healthcare Bio-Science AB) equilibrated with 50 mM Tris, pH 7.5, 1 M NaCl at a 1-ml/min flow rate. Protein fractions corresponding to distinct absorption peaks in the chromatogram were collected in separate pools and subjected to buffer exchange and concentration in 50 mM HEPES, pH 7.5, with a 10 K Amicon Ultra-15 filter device. Protein samples were stored at 8°C or Ϫ20°C.
The concentration of the purified VP11 was determined by measuring the absorbance at 280 nm with an ND-1000 spectrophotometer (NanoDrop Technologies) using an extinction coefficient of 19,940 M Ϫ1 cm
Ϫ1
and a theoretical molecular mass of 22,060 Da. Gel images were captured on a ChemiDoc gel documentation system (Bio-Rad). The verification of VP11 by peptide mass fingerprinting was carried out by the Proteomics Unit of the Institute of Biotechnology at the University of Helsinki. DNA mobility shift assays. The P23-77 genomic DNA was isolated from virus particles (0.5 mg/ml) by treatment with SDS and protease, followed by multiple extractions with phenol (28) . Plasmid DNA (pUC19) was isolated using standard methods (29) . P23-77 genomic DNA (20 g/ml, digested into multiple fragments with restriction enzyme PstI) was incubated with increasing amounts of VP11 (0 to 150 g/ml) in 30 l 50 mM Tris, pH 7.5, for 10 min at 37°C. After 10 min centrifugation at 14,000 rpm, the RT supernatants were taken, and the pellets were resuspended in 30 l 50 mM Tris, pH 7.5, supplemented with 1% SDS. The supernatant and pellet fractions were analyzed by 0.8% Tris-acetate-EDTA (TAE) agarose gel electrophoresis.
Immunodetection of VP11 in virus particles. P23-77 virus particles were produced in T. thermophilus ATCC 33923 and purified by rate zonal sucrose gradient centrifugation (a linear 5 to 20% [wt/vol] gradient), followed by equilibrium centrifugation in 1.3 mg/ml CsCl 2 as described previously (2). The purified virus particles were collected by differential centrifugation. The pellets were suspended in 20 mM Tris, pH 7.5, 5 mM MgCl 2 , 150 mM NaCl and stored at Ϫ20°C in SDS sample buffer containing either 1% or 5% ␤-mercaptoethanol. Polyclonal VP11 antibodies were generated in rabbit with native protein obtained from SEC purification (Storkbio Ltd.). Virus proteins were separated by SDS-15% PAGE and blotted on an Immobilon-P transfer membrane (EMD Millipore) at 4.0 mA/cm 2 for 25 min using the TE-77 ECL Semi-Dry Transfer Unit (Amersham Biosciences) and a three-buffer system (30 Estimation of the VP11 copy number per virus particle. The copy number of VP11 per virus particle was estimated from Coomassie-stained 15% Tricine-SDS polyacrylamide gels (31) with the Quantity One program (Bio-Rad). The program detects each protein band on the gel individually and calculates its relative intensity. The disc value for background reduction was 10, and the width of lanes was 30 mm. The most abundant protein, VP16, was used as a reference band, and its measured intensity was stated as 1,080 protein copies. The measured intensities of protein bands were calibrated with the molecular masses of the proteins. The calibrated intensities of VP11 and VP17 were divided by the calibrated intensity of VP16, and the result was multiplied by 1,080 to obtain the copy numbers of VP11 and VP17.
CD measurements. Circular dichroism (CD) spectra were recorded with quartz cuvettes of 1-cm path length (Hellma) using a J-715 spectropolarimeter (JASCO) equipped with a Peltier temperature controller and a circulating water bath. The protein concentration was 0.5 M in 2 ml phosphate-buffered saline (PBS), pH 7.4. VP11 spectra were corrected by subtracting the buffer spectra, measured under the same conditions. Far-UV-CD spectra were recorded from 195 to 255 nm with the following parameters: 50-nm/min scan speed, 5-nm bandwidth, 1-s response, and three accumulations. Thermal scans were performed at 222 nm in the temperature range from 4°C to 85°C under the following conditions: 5-nm bandwidth, 8-s response, 2°C/min temperature slope, and an average spectrum produced from two independent consecutive scans. DSC measurements. VP11 was analyzed using a capillary VP-differential scanning calorimetry (DSC) instrument (MicroCal; Malvern Instruments Ltd.) with a protein concentration of 50 M in 20 mM Tris, pH 7.5. The solution was degassed prior to measurement. Samples were heated from 20°C to 120°C at a scanning rate of 2°C/min. The feedback mode was set to low, and the filter period was 5 s. The melting temperature (T m ) and calorimetric heat change (⌬H) were obtained by subtracting the baseline and using the Levenberg-Marquardt nonlinear least-square method on the data using MicroCal Origin 7.0 software (Malvern Instruments Ltd.).
Production of Thermus large unilamellar vesicles (T-LUVs).
T. thermophilus cells were grown for 20 h at 70°C and 200 rpm in Thermus full medium containing 8 g polypeptone, 4 g yeast extract, and 2 g NaCl per liter. Fifteen milliliters of cell culture was pelleted by centrifugation, and lipids were extracted according to the method of Bligh and Dyer (32) . The lipid extract obtained was vacuum dried and stored at Ϫ20°C.
For preparation of T-LUVs, dried lipid extract was resuspended in 800 l 20 mM Tris, pH 7.5, and hydrated by six consecutive freeze-thaw cycles, during which the samples were sequentially incubated at 65°C for 10 min, vigorously vortexed, and frozen in liquid nitrogen. Homogeneous T-LUVs were prepared by extrusion of the lipid dispersion through polycarbonate membranes at 65°C using an Avanti Mini-Extruder (Avanti Polar Lipids) system according to the manufacturer's instructions with 10 repeated extrusions through a 400-nm membrane, followed by 15 repeated extrusions through a 100-nm membrane. The T-LUVs were stored at 8°C. DLS and zeta potential measurements. Dynamic-light-scattering (DLS) and zeta potential measurements were carried out using a Zetasizer Nano ZS instrument (Malvern) with the following settings: 0.9455-cP dispersant viscosity, 1.33 refractive index, 173°backscatter measurement angle, and 22°C. All measurements were performed in 20 mM Tris, pH 7.5, with freshly prepared proteins. The P23-77 major capsid proteins VP16 and VP17 were prepared as described previously (33) . Myoglobin from equine skeletal muscle and bovine serum albumin (BSA) were obtained from Sigma-Aldrich. Protein stock solutions of 1 mg/ml in buffer were centrifuged before measurements at 13,000 rpm for 5 min. The protein concentrations were 1 mg/ml for molecular weight and zeta potential analysis and 0.3 mg/ml for the determination of the apparent average hydrodynamic diameter in combination with T-LUVs. T-LUVs were diluted for measurements as follows: 1:5 (zeta potential), 1:10 (T-LUVprotein interaction), or 1:500 (kinetics of T-LUV interactions with VP11 and VP17). The results were analyzed with Zetasizer software v.7.03 (Malvern).
RESULTS

VP11 sequence analysis.
Initial studies have shown that the VP11-encoding gene (ORF11) is exclusively found in P23-77 and has no homologs in the related sphaerolipovirus IN93 or associated proviruses (4, 34, 35) . The only similarity we detected in data bank searches was to a protein sequence derived from Meiothermus timidus, indicating the presence of a P23-77-like provirus. ORF11 is located in the genome in an area with variable gene content, which comprises genes with predicted function in DNA packaging and virus exit (4, 34) (Fig. 1A) . Notably, although there is no similarity on the amino acid sequence level to VP11, bacteriophage IN93 and provirus TP1 encode putative proteins with characteristics similar to those of VP11 (see below). The corresponding genes-ORF9 in the case of IN93 and ORF21 in the case of TP1-are located at genomic positions similar to that of ORF11. Those proteins in turn show similarities to virion-associated putative genome-packaging proteins of hyperthermophilic archeal viruses, such as Sulfolobus spindle-shaped virus 1 (SSV1) protein VP2 (36) and Sulfolobus turreted icosahedral virus 2 (STIV2) protein B72 (37) , as well as to a predicted protein of Archaeoglobus veneficius SNP6 putative provirus (38) .
Computational analysis (39, 40, 41, 42, 43, 44) classified VP11 as a highly basic protein (pI ϭ 10.71) with a high content of ␣-helices and without transmembrane domains (Fig. 1B) . VP11 was predicted to be highly structured, with disordered regions mainly restricted to a few residues at the N and C termini, which according to the DISOPRED 3 program (43) are predicted to be involved in protein-protein interactions. The N-and C-terminal disordered regions are highly positively charged (arginine and lysine residues), suggesting that electrostatic repulsions render them structurally disordered.
Expression and purification of recombinant VP11. Large amounts of soluble recombinant protein were produced in E. coli. As expected for a highly basic protein, VP11 bound to a cationexchange (CIX) column. VP11 was eluted by a slow rise in the NaCl concentration in the elution buffer, which removed most of the impurities. The elution took place at an NaCl concentration of 0.75 M. The eluted protein fractions were pooled and further purified by SEC in Tris buffer containing 1 M NaCl. The protein eluates mainly contained a 25-kDa protein species, identified as VP11 by peptide mass fingerprinting, and a small amount of an ϳ50-kDa protein species, corresponding to a VP11 dimer, as demonstrated below. The OD 260 /OD 280 ratio of VP11, obtained from UV-visible (Vis) spectra of the purified protein samples, was 0.57, suggesting the protein preparations were free of DNA contamination.
VP11 oligomerization and copy number. The 50-kDa band visible in denaturing protein gels of recombinant protein preparations corresponds to the size of a VP11 dimer ( Fig. 2A, I ). Proteins forming strong disulfide bonds have been shown to remain in a multimeric state even after boiling in standard SDS sample buffer containing 1% SDS and 1% ␤-mercaptoethanol but could be dissociated with a higher reducing agent concentration (45) . Therefore, a sample of VP11 was boiled in SDS sample buffer containing a high (5%) concentration of the reducing agent ␤-mercaptoethanol. Under these conditions, the ϳ50-kDa band-corresponding to the putative VP11 dimer-vanished completely from the gel, leaving only the ϳ25-kDa monomeric VP11 band ( Fig. 2A, II) . The addition of 0.1 M dithiothreitol (DTT) had a similar effect, whereas elevating the SDS concentration to 5% did not affect the relative ratio of the two bands (data not shown).
Next, we analyzed the oligomeric state of native VP11 derived from virus particles. Freshly prepared virions boiled in 1% ␤-mercaptoethanol showed a 50-kDa band in SDS-PAGE, similar to recombinant VP11 samples (Fig. 2B, I ). A polyclonal antibody against purified recombinant VP11 detected the 50-kDa protein band in Western blot analysis and-to a lesser extent-also a 25-kDa protein band that was not visible in the corresponding SDS gel. On the other hand, SDS gels of particles boiled with 5% ␤-mercaptoethanol lacked the 50-kDa band yet showed an additional band at ϳ25 kDa (Fig. 2B, II) . The VP11 antibody recognized only the 25-kDa protein band in the Western blot. Moreover, the intensity of the signal was equal to the total intensity of both signals in the Western blot obtained from samples treated with 1% ␤-mercaptoethanol (Fig. 2B, I ). These findings rule out cross-reactivity of the VP11 antibody and clearly demonstrate that the 50-kDa band corresponds to a VP11 dimer. The protein dimerizes through an intermolecular disulfide bridge between single cysteine residues at position 8 on the N terminus (Fig. 2C) mostly in monomeric form, while the dimeric form dominated in virus particles. Higher multimerization states were not detected in our experiments either in SEC or in gradient centrifugation experiments (data not shown).
The copy number of VP11 in the capsid was estimated by measuring the intensities of Coomassie-stained protein bands in Tricine-SDS polyacrylamide gels. According to the P23-77 virus capsid model (5), there are 18 copies of 19-kDa VP16 and 9 copies of 32-kDa VP17 per asymmetric unit. The capsid consists of 60 asymmetric units, thus accounting for 1,080 copies of VP16 and 540 copies of VP17 in total. The band intensities were 36.2% for VP16, 29.7% for VP17, and 5.7% for VP11. Taking into account the molecular masses of the capsid proteins and setting the VP16 band intensity as a copy number of 1,080, the estimated copy numbers were 527 for VP17 and 147 for VP11. The value for VP17 is in the range of the theoretical value (540 copies). The value for VP11 suggests a distribution of either 2 or 3 copies per asymmetric unit, with an absolute copy number of 120 or 180 per capsid. The results are based on the assumption that Coomassie stain binds equally to the proteins studied here.
VP11 is a heat-stable ␣-helical protein with refolding capacity. Secondary-structure prediction proposed a large content of ␣-helices for VP11 (Fig. 1B) . The theoretical assumption was confirmed by far-UV-CD spectroscopy (Fig. 3A) : The spectrum showed two negative dichroic minima at 208 nm and-less prominent-at 222 nm, characteristic of ␣-helical proteins. Below 208 nm, the signal increased toward a positive range. The spectrum below 205 nm could not be recorded due to high absorption of buffer substances, especially at high temperatures. A gradual increase of the temperature led to a successive, but not complete, loss of helicity, indicating a partially folded state of VP11 even at 85°C.
We performed thermal-CD scans to analyze the thermal stability of VP11 (Fig. 3B) . The CD signal lacked a sigmoidal profile characteristic of cooperative protein unfolding. Instead, the signal decreased continuously between 4°C and 85°C without a clear transition, a behavior characteristic of proteins with a high content of disordered regions (46) . The predicted content of unstructured regions for VP11 is rather low, and the far-UV-CD signal profile contradicts the presence of large disordered regions. Thus, dynamic transitions between ␣-helical structures and disordered regions could explain this type of CD behavior. The partial unfolding was completely reversed when the sample was cooled from 85°C to 4°C under the same conditions. The CD spectrum measured after the heating-cooling cycle was almost identical, indicating a nearly complete reversal of the partial unfolding (Fig. 3C) . The result suggests a partially loose ␣-helical structure for VP11.
We used DSC to analyze the unfolding and refolding of VP11 at even higher temperatures. For this purpose, the protein was gradually heated from 20°C to 120°C, followed by cooling to 20°C under the same conditions. The DSC profile (Fig. 3D ) revealed a single transition peak with a T m of 84.4°C. A second scan after cooling (refolding reaction) did not show any transition peak, indicating irreversible denaturation of the protein. It thus seems that VP11 can withstand partial unfolding, caused by a short exposure to temperatures around the melting point, without losing the capability to refold. Further heating, on the other hand, causes transition to conformations that become structurally trapped when cooled. Such a phenomenon has been observed in several other proteins (47, 48) . The estimated melting point of approximately 85°C for the minor capsid protein is in line with the melting temperatures of the major capsid proteins (49), demonstrating the extreme heat stability of all P23-77 virus capsid-associated proteins characterized so far.
VP11 binds DNA in a nonspecific manner. Next, we were interested in studying the capability of VP11 to interact with various macromolecules, such as DNA, lipids, and proteins. We performed mobility shift assays to analyze the DNA-binding capability of purified VP11. During the incubation of DNA with increasing amounts of VP11, we observed precipitation of the VP11-DNA complex, which prevented the DNA from migrating into the gel. Therefore, DNA-protein mixtures were centrifuged, and the pellet fractions were treated with SDS to release the protein from the DNA and to enable the migration of fragments in the electric field (Fig. 4) . At protein concentrations lower than the 20-g/ml DNA concentration used in the experiments, all the DNA was found in the supernatant and the DNA migrated as without protein. At equal concentrations (20 g/ml), the DNA was partitioned be- tween the supernatant and pellet fractions, with a larger fraction in the pellet. At protein concentrations higher than 20 g/ml, all the DNA was found in the pellet fraction. The intensities of all the bands vanished to the same extent, regardless of whether virus DNA (Fig. 4) , plasmid DNA, linearized DNA molecules, or DNA molecules digested into multiple fragments were used as the template (data not shown). The results indicate a predominantly electrostatic binding of VP11 to DNA without DNA sequence specificity. The positively charged VP11 neutralizes the negatively charged DNA, thus disabling electrophoretic movement. However, at a low protein/DNA mass ratio, the amount of protein should be too small for complete neutralization of the DNA, and one would expect a shift of bands in agarose gels. This was not observed. Instead, the bands vanished completely from the gel at a protein/DNA mass ratio of approximately 1:1, and precipitation of the protein-DNA complex occurred. VP11 was found to bind DNA very tightly, since a high concentration of SDS (1%) was necessary to resolve the complex.
VP11 associates with T-LUVs. It has been shown that the major capsid proteins could be released from the P23-77 virion in denaturing agents, such as urea and guanidine hydrochloride (3) . Lowering the pH to 6.0 also dissociated the minor capsid protein VP11, in addition to the major capsid proteins. This finding, along with a predicted lack of transmembrane helices, suggests localization of VP11 underneath the capsid shell peripheral to the membrane. Thus, we used DLS to investigate the interaction of VP11 with T-LUVs.
The lipid composition of P23-77 differs from that of the host. The viral membrane contains neutral lipids and phosphoglycolipids, whereas glycolipids, a substantial component of the host lipid membrane, are nearly completely omitted (3). However, we assumed the lipid composition of T-LUVs to be similar enough to functionally mimic the viral membrane. Lipids were isolated from the host strain T. thermophilus ATCC 33923, and T-LUVs were prepared by extrusion through 100-nm-pore-diameter membranes. Vesicles were highly stable and did not show any sign of fusion or aggregation during storage for at least 2 weeks. The hydrodynamic diameter of the T-LUVs was approximately 120 nm. The hydrodynamic diameter of VP11 was 8.4 Ϯ 1.1 nm. Thus, the measured size refers to a molecular mass of 27.4 kDa in the case of a linear protein or 96.7 kDa in the case of a globular protein. Therefore, the DLS analysis suggests a rather linear shape for VP11. The zeta potential of T-LUVs was Ϫ59.5 Ϯ 3.96 mV, a value characteristic of negatively charged phospholipids, such as phos- phatidylglycerol, indicating a negative surface charge for Thermus-derived lipid vesicles. As expected for a positively charged protein, the zeta potential of pure VP11 was 21.8 Ϯ 2.54 mV. Addition of VP11 to T-LUVs shifted the zeta potential to 34.1 Ϯ 1.43 mV, indicating the capability of the protein to adsorb to Thermus lipid vesicles. On the other hand, protein-protein interactions of capsid-associated proteins were not observed in DLS measurements, either between VP11 and the major capsid proteins VP16 and VP17 or between the MCPs alone (data not shown).
Rapid lipid aggregation induced by VP11 together with the large major capsid protein VP17. Next, we used DLS to analyze the interaction of all three capsid-associated proteins in the presence of lipids by estimating the apparent mean hydrodynamic diameter (Fig. 5A) . Neither the addition of the major capsid proteins VP16 and VP17 alone nor in combination changed the diameter of the T-LUVs (120 nm), whereas the addition of VP11 immediately led to a significant increase in size (ϳ200 nm). Thereafter, the particle size did not change during the observed period of 16 h. On the other hand, whenever VP11 was added to T-LUVs in combination with the major capsid protein VP17, particle size increased immediately to over 600 nm, and a visible precipitate formed in the cuvette. Aggregation and sedimentation of particles increased during the course of the measurement. A determination of the exact hydrodynamic size was therefore impossible at the later time of the experiment. In contrast, incubation of T-LUVs in combination with VP11 and the small major capsid protein VP16 increased the size of the lipid vesicles to 200 nm, similarly to the addition of VP11 alone. The same was true for the incubation of T-LUVs in combination with VP11 and horse skeletal muscle myoglobin (data not shown). Incubation of VP11 with BSA, another unrelated protein used as a control, caused heavy aggregation even in the absence of T-LUVs. BSA is negatively charged at neutral pH, and electrostatic interactions lead to the observed protein aggregation. The results indicate that the interaction between T-LUV-associated VP11 and VP17 is not based simply on electrostatic attraction, since incubation of VP11 with VP17 in the absence of T-LUVs did not cause aggregation (see above). Addition of myoglobin (neutrally charged at pH 7.5) or BSA alone to T-LUVs did not change the size of the lipid vesicles.
In order to analyze the kinetics of the interaction between TLUVs, VP11, and VP17, lipid vesicles were diluted to the point where no immediate aggregation was observed (1:500) and incubated with the same concentration of protein as previously (Fig.  5B) . Addition of either VP11 or VP17 alone did not change the diameter of the vesicles significantly (ϳ130 nm) during 15 min. of PstI-digested genomic P23-77 DNA was incubated with increasing concentrations of purified VP11 for 10 min at 37°C. After centrifugation, the supernatant was taken and the pellet containing the precipitated DNA-protein complex was resuspended in buffer containing 1% SDS, which released the DNA from the protein. The supernatant (I) and corresponding pellet (II) fractions were analyzed on a 1% agarose gel. The marker in the far-left lanes was a GeneRuler 1-kb DNA ladder (Thermo Scientific).
FIG 5 Interaction of T-LUVs with P23-77 capsid-associated proteins. (A)
T-LUVs (diluted 1:10) were mixed with either buffer (\) or various combinations of the minor capsid protein VP11, the small major capsid protein VP16, and the large major capsid protein VP17 (0.3 mg/ml each) in 20 mM Tris, pH 7.5. The bars show the mean apparent hydrodynamic diameters of T-LUVs from three independent measurements, each performed 10 times for 10 s each time. The error bars indicate standard deviations. (B) Kinetics of the T-LUV interaction with VP11 and VP17. T-LUVs (diluted 1:500) were incubated with 0.3 mg/ml of VP11, VP17, or a combination of the two in 20 mM Tris, pH 7.5, for 15 min. The mean apparent hydrodynamic diameter was estimated every 10 s, with 10 runs per data point. Particle size estimates are presented as an average diameter (based on volume distribution).
The addition of both proteins, on the other hand, doubled the size of the lipid vesicles at subminute time scales. The diameter of the particles increased continuously during the measurement to ϳ800 nm, yet after approximately 8 min, the accuracy of the determination became compromised by large and heterogeneous particles resulting from vesicle-protein aggregation and sedimentation. Interestingly, the addition of VP11 did not increase the size of T-LUVs, as observed with 50 times more concentrated vesicles in the initial interaction assays (Fig. 5A) .
DISCUSSION
VP11 forms homodimers. VP11 dimerizes via an intermolecular disulfide bridge between single cysteine residues at the N terminus of the protein (Fig. 2) . It is the dominant form in freshly prepared virus particles, indicating the dimer as the native form of VP11 in the virion. Viruses assemble in the cytoplasm of the host cell, a reducing environment that usually precludes formation of disulfide bonds. Consequently, VP11 was purified from E. coli as a monomer. Interestingly, intracellular disulfide bond formation is a common phenomenon in thermophilic organisms, where it serves as a mechanism of protein stabilization at high temperatures (50, 51, 52) . Intracellular disulfide bond formation is mediated by the protein disulfide oxidoreductase (53) , an enzyme specifically found in thermophiles, including the P23-77 host T. thermophilus (51) . Therefore, the presence of a VP11 dimer in the virus particle is considered biologically relevant. Intra-or intermolecular disulfide bridges enhance the thermal stability of viral proteins (54, 55) . The intermolecular disulfide bridge in VP11 cannot be disrupted, even by boiling in 1% ␤-mercaptoethanol reducing agent, providing rigidity to the capsid at high temperatures. This is in line with the estimated melting point of around 85°C. VP11, as well as the major capsid proteins (33) , exhibits high thermal stability, reflecting adaptation to the natural habitat of the host, T. thermophilus, which is able to grow at 80°C and higher (56) . On the other hand, VP11 seems to possess a flexible structure, as indicated by the continuous destabilization of ␣-helices with increasing temperatures in CD thermal scans. Taking the CD and DLS results together, VP11 is suggested to be a predominantly ␣-helical protein with a dynamic, elongated shape. This might allow structural adaptation of the virus to varying temperatures in the natural environment.
VP11 binds to DNA without sequence specificity. VP11 strongly associates with DNA (Fig. 4) . However, a putative function of VP11 in DNA replication or genome packaging remains unclear due to its capability to bind any type of negatively charged molecule. VP11 could be separated from the membrane and DNA in virion dissociation experiments (3) and is most likely localized on the membrane outer surface (see below). Thus, the interaction of VP11 with DNA might be an in vitro artifact. However, at this stage, we cannot rule out a dual role for VP11, functioning in genome condensation as well as in assisting capsid assembly, as outlined below.
The gene encoding VP11 is located in the P23-77 genome in an area with variable gene content, reflecting adaptation to the host. At a similar genomic position, the related virus IN93 carries a gene encoding a highly basic, mainly ␣-helical protein with similarity to structural proteins of SSV1 and STIV2 (36, 37) (Fig. 1) . The SSV1 structural protein VP2 was assigned to play a role in genome packaging based on the observation that it binds tightly to SSV1 DNA (36) . Remarkably, it is dispensable for the viability of the virus and therefore might not be a genome-packaging protein (57) . All of the above-mentioned viruses have a lipid moiety in their virions, which is an internal membrane in the cases of P23-77, IN93, and STIV and a putative outer envelope in the case of SSV1. On the basis of our results, one could likewise assume a membrane-associated function for positively charged virion components in those thermophilic viruses. Hence, IN93 and P23-77 have acquired proteins with similar characteristics from different sources to carry out similar functions in the virus.
VP11 serves as a linker between the internal membrane and the capsid shell. Our results rule out localization of VP11 at the 5-fold vertex base. Pentons of related viruses have a core fold consisting of an eight-stranded beta-barrel (7, 18, 25, 26) . In contrast, CD measurements in the far-UV region revealed a high content of alpha-helices (Fig. 3) , excluding the presence of a betabarrel core fold in VP11. Furthermore, VP11 is a dimer instead of a pentamer, and its estimated copy number is too high for a penton protein. An icosahedral capsid contains 12 vertices, a total of 60 copies of a penton protein. The predicted copy number of 147 for VP11, estimated by comparison of band intensities in polyacrylamide gels, exceeds this number by factor of 2.5. Even by taking into account unequal incorporation of Coomassie stain, the difference is striking and makes it unlikely that VP11 is the penton protein. The predicted copy number for VP17 (527) matched the theoretical value (540) quite well, demonstrating that reliable results could be produced by this method. VP11 dimers might be located underneath the vertices, linking the penton base to the membrane, which is in line with the estimated copy number per capsid and the observed lipid interaction in DLS measurements. However, we regard this possibility as unlikely. It is evident from the fitting of the MCPs to the P23-77 cryo-electron microscopy density (2) that the P23-77 5 folds contain a penton structure not comprised of VP16 or VP17 but instead of another protein species (5). This is similar to the capsid architecture of structurally related viruses, including PRD1 (18), PM2 (7), and STIV (26) . Assuming that VP11 is localized underneath the 5-fold vertices, it would most likely require the penton protein as an interaction partner, yet our results indicate an interaction with lipids and the major capsid protein VP17. The capsids of other, distantly related viruses are linked to the internal membrane by ␣-helical domains present in their major capsid proteins (18, 58) or integral membrane proteins (7) . The mainly ␣-helical secondary structure and fairly linear shape of VP11, in addition to its relatively high copy number, lack of predicted transmembrane domains, and observed interaction with both lipids and VP17, strongly suggest localization on the outer membrane surface across the virion.
The VP11-lipid interaction seems to be mostly based on electrostatic attraction of positively charged protein surface domains to anionic phospholipids, as shown for several protein species (59) . Although zeta potential measurements clearly indicate adsorption to Thermus lipid vesicles, aggregation of the protein-lipid complex was not observed, in contrast to experiments where VP11 was studied in the presence of other negatively charged partners, such as DNA and BSA (see above). Even though the addition of VP11 doubled the size of the lipid vesicles immediately, no further increase in size was observed. We have no explanation for this effect so far. A size increase was not observed with 50 times more diluted T-LUVs in the kinetics experiment (Fig. 5) . In this sense, VP11 differs from other basic proteins, such as lysozyme, which cause rapid aggregation with lipid vesicles (60, 61, 62) . Rather, it functions as a trigger for the binding of the large major capsid protein VP17, which in turn results in a rapid aggregation of the protein-membrane complex. The VP11-mediated interaction is specific, since VP16 and myoglobin did not induce aggregation when added to T-LUVs together with VP11. So far, we have not been able to detect an interaction between VP11 and VP17 in the absence of lipids, either in DLS measurements or with other methods, such as gradient centrifugation and yeast two-hybrid assays. The results presented here strongly suggest that the association of the minor capsid protein VP11 with the lipid membrane is the key to the binding of the large major capsid protein VP17. Thus, VP11 might function as an assembly factor, comparable to scaffolding proteins (see below).
The minor capsid protein resembles scaffolding proteins. In its characteristics, VP11 resembles scaffolding proteins of tailed bacteriophages. Scaffolding proteins are chaperones required for the correct formation of procapsids, an intermediate state during the assembly of tailed dsDNA bacteriophages. They are removed before or during genome packaging (63) . In that sense, VP11 is not a scaffolding protein per definitionem because it is a significant component of the mature virion. However, the similarities are striking: ␣-helical structure, elongated shape, structural flexibility, and protein binding via electrostatic interactions (64) . The scaffolding proteins of podoviruses P22 and Phi29 are predominantly ␣-helical proteins with elongated shapes (65, 66, 67) . A similar estimated structure was obtained for VP11 from far-CD spectra and hydrodynamic-diameter estimation. Positively charged amino acid residues on the surface of the C-terminal helix of the P22 scaffolding protein are essential for binding to the major capsid protein via electrostatic interaction (68), as electrostatic forces account for the interaction of VP11 with lipids. In Phi29, the unstructured C terminus of the scaffolding protein interacts with the coat protein (69). Short unstructured stretches are also present at the N and C termini of VP11. They may provide interaction sites with the large major capsid protein VP17. VP17 is proposed to bind to the internal membrane via hydrophobic residues at the N terminus connected by a proline-rich linker to the rest of the protein (5). Proline-rich regions are often involved in protein-protein interactions (70) , suggesting the proline linker of VP17 is a putative interaction site for VP11.
In the membrane-containing bacteriophage PRD1, the nonstructural protein P10 covers the membranes of newly synthesized virus particles. The protein is supposed to act as a scaffold for the assembly of the capsid proteins (12, 15) . As with other scaffolding proteins, it is removed during capsid assembly, whereas VP11 remains associated with the capsid. However, the striking similarity to scaffolding proteins indicates an assisting role of VP11 in capsid assembly, facilitating the binding of capsid components. In contrast to the above-described viruses, P23-77 viral particles are exposed to extremely high temperatures. This affords additional factors to enhance the rigidity of the capsid. As a stable linker between the capsid shell and the membrane, VP11 might represent such a factor.
The role of VP11 in capsid assembly. In P23-77, as well as in other icosahedral, tailless dsDNA viruses with an inner membrane, a transmembrane channel beneath the vertices forms the only visible connection between the capsid and the internal membrane in cryo-electron microscopy images (2, 26, 71, 72) . This finding supported the idea of the vertices as starting points for the capsid shell assembly (5, 26) . The tight anchoring of the vertex complex to the membrane might serve as a nucleation point for capsid growth, which is thought to be triggered by VP11, based on our results. The strong electrostatic association of VP11 with the membrane, achieved through a large content of negatively charged phospholipids in the membrane outer leaflet, promotes binding of the major capsid protein VP17. Protein-protein interaction is probably stabilized by conformational or electrostatic modulation in VP11, VP11 dimerization, and interaction of the VP17 N terminus with the membrane. Binding of the major capsid protein allows subsequent binding of VP16 dimers to VP17, finalizing the assembly of the P23-77 virion (Fig. 6) .
The complex capsid architecture of viruses with two major capsid proteins requires factors that facilitate correct insertion of the various building blocks into the growing capsid. By interacting specifically with the large major capsid protein VP17, but not with the small major capsid protein VP16, VP11 likely constitutes such a factor. It represents a novel type of minor capsid protein of prokaryotic icosahedral dsDNA viruses. However, the presence of a highly basic protein in the virions of several thermophilic viruses implies the presence of similar assembly factors in viruses from high-temperature environments.
